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The EPR effect results from the extravasation of macromolecules or nanoparticles through tumor blood vessels.
We here provide a historical review of the EPR effect, including its features, vascular mediators found in both
cancer and inflamed tissue. In addition, architectural and physiological differences of tumor blood vessels vs
that of normal tissue are commented. Furthermore, methods of augmentation of the EPR effect are described,
that result in better tumor delivery and improved therapeutic effect, where nitroglycerin, angiotensin
I-converting enzyme (ACE) inhibitor, or angiotensin ll-induced hypertension are employed. Consequently, better
therapeutic effect and reduced systemic toxicity are generally observed. Obviously, the EPR effect based delivery
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Inflammation of nanoprobes are also useful for tumor-selective imaging agents with using fluorescent or radio nuclei in
Cancer nanoprobes. We also commented a key difference between passive tumor targeting and the EPR effect in tumors,
Vascular effectors particularly as related to drug retention in tumors: passive targeting of low-molecular-weight X-ray contrast

Fluorescent nanoprobes
Tumor blood vessel architecture

agents involves a retention period of less than a few minutes, whereas the EPR effect of nanoparticles involves
a prolonged retention time—days to weeks.
© 2012 Elsevier B.V. All rights reserved.
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1. Introduction: vascular permeability in inflammation and cancer

About 30 years ago, we first discovered that vascular permeability in

Abbreviations: NO. nitric oxide; MMP, matrix metalloproteinase; EPR effect, enhanced  jnflammation, that was induced by microbial infections, and triggered

permeability and retention effect; VPF, vascular permeability factor; VEGF, vascular endo-
thelial growth factor; e-NOS, endothelial nitric oxide synthase; ACE. angiotensin
converting enzyme; TNF-t, tumor necrosis factor-o; SMA, styrene-co-maleic acid; AT-I1,
angiotensin II; iv., intravenous; DTPA, diethylenetriaminepentaacetic acid; BSA, bovine
serum albumin; TRITC, tetramethylrhodamine isothiocyanate; ICG, indocyanine green;
HPMA, N-(2-hydroxypropyl)methacrylamide.
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by bradykinin (kinin) generation via activation of the proteolytic cas-
cade in the host animals (Fig. 1) [1-5]. We later found that bradykinin
was also generated in carcinomatosis and found it was responsible for
ascitic and pleural fluid accumulation [6-8]. In addition, we identified
many other mediators that were activated simultaneously [9-15], in-
cluding nitric oxide (NO), prostacyclins, collagenase, and peroxynitrite,
which activate matrix metalloproteinase (MMP) (via pro-MMP) and
others [11-15].
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Fig. 1. The bradykinin-generating protease cascade, which is triggered by bacterial proteases followed by activation of the kallikrein-kinin cascade. The same bradykinin-generating
mechanism operates in cancer tissue and in inflamed tissue. A number of protease inhibitors, such as Kunitz-type soybean trypsin inhibitor (Kunitz), corn trypsin inhibitor (Corn),
carboxypeptidase N inhibitor (CPNI), angiotensin-converting enzyme inhibitor (ACEl), and ethylenediaminetetraacetic acid (EDTA) inhibit these cascade steps, or consequently po-

tentiate kinin (e.g. ACEI).

We published many reports on the new concept of macromolecu-
lar cancer drug delivery, which we named the enhanced permeability
and retention (EPR) effect for tumor-selective macromolecular drug
targeting [16-23). Vascular permeability of tumor tissue thus became
critically important for the delivery of macromolecular drug based on
the EPR effect in cancer treatment.

Fig. 2 presents the various steps involved in drug delivery to tumor
tissues and then to tumor cells, and they are the barriers that must be
overcome in cancer drug development. The EPR effect, at the first step,
is of prime importance because drug extravasation occurs in a

Vascular wall/Circulating Blood

EPR effect/Extravasation into tumor tissue
LTum:cr tissue/interstitial space

tumor-selective manner. Traditional low-molecular-weight (LMW) anti-
cancer drugs have very little tumor selectivity, and most such drugs are
widely distributed to normal organs and tissues as well as tumors. Conse-
quently, these anticancer drugs provide insufficient therapeutic benefits
and cause severe systemic toxicity, a so-called dose-limited toxicity. By
developing tumor-selective anticancer agents, we can avoid this problem.

The present review is intended to overview various aspects of the
EPR effect. To demonstrate the EPR effect visually in vivo, tumor selec-
tive imaging using fluorophore that is conjugated with macromolecules
(fluorescent nanoprobes) and [VIS® imaging system are described later.
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Fig. 2. Barriers in the development of cancer selective macromolecular drugs and steps to be overcome.
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Advantages of this EPR based macromolecular cancer therapy, with-
out using targeting ligand, is more universal and can be applied to wider
tumor spectrum than that using a tumor associated epitope-targeted
antibody. In the clinical setting, specific target epitopes of different
tumors may be unidentified at early stage of diagnosis. Thus, such ther-
apeutic or diagnostic method may not be as easy as endoscopic visual
detection which may be possible with using fluorescent nanoprobes
as described later.

In the past few decades numerous papers were published for tumor
targeted delivery of drugs, and imaging using either positron emitting
tomography (PET), magnetic resonance imaging (MRI), or fluorescent
imaging with fluorophores. Since all these nanoprobes exhibit the EPR
effect, such developments are highly advantageous in more efficient
treatment and sensitive diagnosis of tumor and inflamed tissues respec-
tively [24-37]. More comprehensive treatise on all these issues may be
found in references [31,37].

2. Vascular effectors involved in vascular permeability in cancer
and inflammation

Most of these effectors are common mediators in inflammation and
cancer (Fig. 3, Table 1) [11-15,17-19] and are highly expressed. Senger
et al. [38] and Dvorak et al. [39] found the cancer-specific vascular per-
meability factor (VPF), which was secreted by tumor cells. VPF was later
identified as vascular endothelial growth factor (VEGF) [15,40-42],
which in fact enhances the vascular permeability of normal blood ves-
sels as well as that of tumor vessels [15,17], with this process partly in-
volving endothelial nitric oxide synthase (e-NOS) and thus NO.

Bradykinin (kinin) and inhibitors of the kinin-degrading enzyme
(kininase), such as angiotensin converting enzyme (ACE) inhibitor
[5-8,22], potentiated vascular permeability and the EPR effect. Like-
wise, generation of oxygen radicals and NO, which is induced during
microbial infection and inflammation [10,11,43-45], augmented the
EPR effect in cancer. In addition, hypoxic cancer tissues and angina
pectoris (or cardiac infarction) demonstrated marked similarity
with regard to suppressed vascular blood flow. This observation led
to the use of nitroglycerin treatment to improve vascular blood flow
and consequently the EPR effect (Fig. 4) [46,47].

These vascular mediators, including activated cyclooxygenase-1,
interferon-y, and inducible NOS (iNOS), as well as other cytokines such
as tumor necrosis factor-c (TNF-at), transforming growth factor-, and
interleukin-2 and -8 etc., display cross-talks [15-18,48-53].

Proteases
nin [kallikrein-kinin]/coagulation/MMPs

Reactive oxygen species
(0,7, H,0,, " OH, ROD ", CIO7)

Infection/

Reactive nitrogen species inflammation
(NO", ONOO™, "NO,, etc)

Inflammatory mediators

(TNF-a, NF-KB, IL-2, IL-8, IL-18, TGF-B, VEGF, EGF, etc)

Cancer tissue EPR effect Normal tissue
No lymphatic ', Lymphatic
clearance Macromolecular clearance
Drug Delivery
Retention s No retention
in tumor in normal tissue

Fig. 3. Various vascular mediators commonly found in inflammation and cancer that con-
tribute to the EPR effect. These mediators also affect normal blood vessels. A major differ-
ence between the two pathological lesions is the clearance rate of extravasated
macromolecules such as plasma proteins, lipid particles or nanomedicine, which resulting
in a prolonged retention time in tumor tissue compared with that in inflamed tissue.

Table 1
Factors affecting the EPR effect of macromolecular drugs in solid tumors.®

Mediators Responsible enzymes and mechanisms

Bradykinin Kallikrein/protease

NO iNOS

VPF/VEGF Involved in NO generation

Prostaglandins Cyclooxygenase 1

Collagenase (MMPs) Activated from proMMPs by peroxynitrite,
or proteases

Peroxynitrite NO+0;~

Carbon monoxide (C0)™®

Induced hypertension

Inflammatory cells and H;0,

Transforming growth factor (TGF)-B
inhibitor™

Tumor necrosis factor (TNF)-c’®

Anticancer agents

Heat®®

Heme oxygenase (HO)-1
Using angiotensin Il
Neutrophil/NADPH oxidase, etc.

* Extensive production of vascular mediators that facilitate extravasation from nor-
mal and tumor vessels, and the enzymes and mechanisms involved in this process
(see text for more details).

3. Revisiting the definition of the EPR effect: molecular size,
biocompatibility, and surface charge

3.1. Biocompatibility and molecular size

Among the various requirements for and factors influencing the
EPR effect, the most important is having a molecular size larger than
40 kDa (Fig. 5, Table 2 ) [9,16-23,42]. However, this requirement is
only partly valid, because size alone is not sufficient for the EPR effect
to occur. Biocompatibility may predominate (see Table 2). For in-
stance, most native plasma proteins have a plasma half-life of more
than a few days. In contrast, denatured or highly chemically modified
plasma proteins are cleared very rapidly. As another example, o,
macroglobulin (a tetramer of 170 kDa) is an endogenous protease
inhibitor in the blood that has a half-life of more than several days.
However, the complex of o;-macroglobulin with plasmin, which is
an endogenous serine-type protease that is involved in fibrinolysis,
has a half-life of only about 5 min and is cleared very rapidly from
the circulation (Table 3) [53,54]. Likewise, certain chemical modifica-
tions of albumin result in a much shorter plasma half-life (Table 3).

A) Tumor tissue
(hypoxic/low pH)

Enhanced __ EPR __ NO' NO;'— NG

Drug Delivery  effect
Normal tissue
(normoxic/neutral pH)

B) 3 250,
= =&-Tumor
.g —_ 2004 -m—Muscle
oG
o=
% 9 180 P=0.028
g 1
2 100
£ é [ 10 20 30 40 50 60
é’,t 504 NG application at distant site
2 Time before and after NG ointment application (min)
(3] 0-

Fig. 4. (A) Mechanism of NO generation from the nitro agents, nitroglycerin (NG). NO
was generated from nitrite, predominantly in hypoxic tumor tissues, not in normal tis-
sues. (B) NG enhanced blood flow seen only in tumor tissue, not in normal tissue, Sar-
coma 180 tumor-bearing mice with tumor diameters of 6-7 mm were anesthetized,
and the blood flow was measured with a laser flow meter. In this experimental setting,
accumulation of the Evans blue-albumin complex increased 2- to 3-fold more than
without NG (see text). Adapted from ref. [46].
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Fig. 5. Tumoritropic uptake of the biocompatible macromolecules, N-(2-hydroxypropyl)
methacrylamide (HPMA) polymers containing radioactive '*'I-labeled tyrosine were
used for this study. The EPR effect leading to higher uptake of the HPMA polymer into
tumors is seen for polymer sizes larger than 40 kDa. The amount of uptake at 6 h is
compared with that at 5 min. That is, tumor uptake increases with time. Adapted from
ref. [20].

This finding suggests the possibility that active ligand-conjugated an-
tibodies will be cleared from the circulation much faster than native
proteins or even unmodified biocompatible polymers. This possibility
may pose a problem in that an active ligand-targeting strategy and
ligand-conjugated product (conjugates) may cause shortened plasma
half-lives, the result being not enough time for the EPR effect, which
requires a long circulation time.

3.2. Surface charge

The luminal surface of blood vessels is well known to have a nega-
tively charged surface, such as many sulfated and carboxylate sugar
moieties [55). This characteristic means that polymeric drugs with
high positive charges will bind nonspecifically to the luminal surface
of vascular walls and be rapidly cleared from the blood circulation
(Table 4) [56,57]. Particles with high negative charges, however, are
known to be trapped in the liver. Also, particles with high negative
charges on the solid surface will trigger the coagulation cascade, i.e.
Hageman factor is stimulated to become activated Hageman factor (or
factor Xll—XIllat) (see Fig. 1), which then induces prekallikrein to be-
come kallikrein, followed by conversion of prothrombin to thrombin
and activation of the blood coagulation (blood clotting) cascade. Blood
coagulation has serious clinical consequences. In the worst case scenar-
io, it may result in disseminated intravascular coagulation, which fre-
quently causes patients to die.

Table 2
Characteristics of the EPR effect of nanomedicines and macromolecular drugs.

Biocompatibility Mo interaction with blood components or blood vessels, no
antigenicity, no clearance by the reticuloendothelial system, no
cell lysis

Molecular size Larger than 40 kDa (larger than the renal clearance threshold)

Surface charge  Weakly negative to near neutral

Time required to Longer than several hours in systemic circulation in mice, with

achieve distinct accumulation seen at 30 min'%%°

Drug retention  Usually days to weeks, in great contrast to passive targeting, in

time which low-molecular-weight molecules are rapidly cleared and
enter the systemic circulation in a few minutes (compare with
low-maolecular-weight contrast agents)®

2 Compare with low-molecular-weight (LMW) contrast agents in angiography,
which is taken up in the tumor tissue by passive targeting, but not retained (see
text). Arterial injection of LMW anticancer agents, though they hit tumor by the first
path effect, it is not retained in tumor tissue, and so there is not much clinical benefit.

3.3. Hydrophobicity

An important aspect of hydrophobicity is that an increase in hy-
drophobicity of nanoparticles would result in higher affinity to a cell
membrane [58a], and also a much faster endocytotic uptake in paral-
lel with an increase of the cell-association constant to about 10-100
fold [58a,58b]. Further, the environment or pH responsive character
of polymeric drugs can be added by utilizing, for instance, maleyl car-
boxyl group (i.e. hydrophilic-COO™ of neutral pH to hydrophobic
-COOH at weakly acidic pH) as seen in an SMA-conjugate [58b,58c].
This became more apparent when compared with SMA-micelles vs
PEG-conjugated micelles as SMA-micelles were endocytosed about
10 times more than the others [58d].

Hydrophobic polymers with high affinity to cell membranes should
also be tested with red blood cells to investigate hemolysis. Also, solu-
bility will be lower as hydrophobicity increases or more side chains
are introduced, as we experienced with styrene-co-maleic acid (SMA)
copolymer [58a,59]. However, hydrophobicity can be significantly mod-
ified by introducing hydrophilic side chain residues, and polymers will
become less hemolytic, as we observed with various SMA copolymers.

Another advantage of hydrophobic polymer derivatization is that
one can make oily formulation possible. In case of SMANCS, its oily
formulation made much higher absorbability after oral administra-
tion (%17 times). This indicates one can make pepitedic drugs for
oral administration possible by this way [58e].

It should be mentioned that the evaluation of polymeric and nano-
particle drugs for their effect on hemolysis, coagulation, and stability
in fresh blood at the early stage of drug development should be car-
ried out for a safely point of view (e.g. ref. [58a]).

4, Defective architecture of tumor blood vessels and
lymphatic function

Folkman first documented active angiogenesis in solid tumor many
years ago [40,41]. Electron microscopy of a vascular cast of tumor blood
vessels that was obtained by using polymer resin showed clear differ-
ences between tumor vessels and normal blood vasculature [60-62].
Also, the blood flow volume in tumor tissue is markedly different
from that in normal tissue. As noted later in this article (next section),
the blood flow volume in normal tissue is consistent, regardless to the
blood pressure being modulated by infusion of angiotensin II. However,
in tumor tissue, blood flow volume changes (increases) remarkably as
angiotensin II is infused to achieve higher blood pressure [63]. Also, in
the tumor tissue the direction of blood flow may change abruptly,
i.e. the flow may stop or start in erratic fashion, and excessive extrava-
sation may occur [16-23,42,64]. Tumor blood vessels also manifest
large endothelial cell-cell gap openings that permit leakage of macro-
molecules into the interstitial space of tumor tissues [60-62].

We previously reported that lymphatic drainage in tumor tissue is
highly impaired [16,65,66]. Lipiodol, a lipid X-ray contrast agent that
consists of iodinated ethyl esters of fatty acids from poppy seed oil
(Laboratoire Guerbet, Paris, France), is known to be recovered via the
lymphatic system in normal tissues. In contrast, however, in tumor tis-
sues, Lipiodol is not recovered easily from the deposited site (cancer
tissue), which indicates a lack of or an impaired lymphatic recovery
function. Therefore, we took advantage of this tumor-specific
retention of Lipiodol for administration of the lipophilic polymer-
conjugated anticancer agent SMANCS [neocarzinostatin (NCS) conju-
gated with the copolymer SMA] in a Lipiodol formulation to treat vari-
ous tumors, including cancers of liver, kidney, and gallbladder [65-69].

We should note here that water-soluble LMW contrast agents are
also taken up preferentially by highly vasculated tumors when in-
fused into the tumor-feeding artery. This technique is used in arterial
angiography. Although tumor-selective retention of these LMW con-
trast agents, or likewise LMW anticancer agents, is observed, that is
often called passive tumor-targeting, but it lasts no longer than a
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Table 3

Plasma clearance times of selected modified and native proteins in vivo [53,54].%
Protein Species difference, original/test Probe modification pl MW (kDa) tiz
Albumin Mouse/mouse None 4.8 68 72-96 h
Albumin Mouse/mouse DTPA (3'Cr) =48 - 6h
Albumin Cow/mouse DTPA (3'Cr) <48 - 1h
Formaldehyde-modified albumin Human/rat 125]-labeled formaldehyde =48 - 25 min
a-Macroglobulin Human/mouse 1251 53 180x 4 140 h
at;-Macroglobulin-plasmin complex Human/mouse L = 1804 5 min
Immunoglobulin (1gG) Maouse/mouse DTPA <638 159 60 h
IFN-ox Human/human None - 18 8 h (sc)
PEG-IFN-at2a Human/human PEG = 52 80 h (s¢)

* DTPA, diethylenetriaminepentaacetic acid; IFN, interferon; PEG, polyethylene glycol; sc, given subcutaneously.

few minutes. This characteristic of short time period is in great con-
trast to that for the EPR effect, in which retention of the lipid particles
of Lipiodol or macromolecular drugs persists for a long time, for a few
weeks to months [16-18,22,23,42,65-69]. Thus, in contrast to poly-
meric drugs such as SMANCS/Lipiodol, the LMW contrast agents, or
likewise LMW anticancer agents may demonstrate only passive
tumor targeting for a very short time, but they will not be retained
for substantial periods (e.g. days to weeks).

5. Augmentation of the EPR effect and macromolecular drug delivery
to tumors

As Table 1 shows, we and others have identified permeability factors,
such as bradykinin, NO, and prostaglandins, that facilitate extravasation
or the EPR effect in cancer tissues. Generation of these factors does not
occur in normal benign tissues, namely, these systems are not activated
under normal circumstances. Therefore, augmentation of these factors
will affect only tumor or inflamed tissues, with the results being
tumor-selective enhanced vascular permeability and improved delivery
of drugs to tumors. Nitroglycerin [46,47] and other NO-releasing agents
such as isosorbide dinitrate [47] were also effective in enhancing drug
delivery in mouse tumor (Fig. 4) (cf. ref. [46]). Nitroglycerin was
found also effective when combined with conventional LMW anticancer
drugs in clinical setting [70-73].

Augmentation of drug delivery by using an ACE inhibitor such as enal-
april was also demonstrated in vivo in mouse tumors (cf. Fig. 1): the ACE
inhibitor, when combined with angiotensin Il (AT-Il)-induced hyperten-
sion, enhanced monoclonal antibody (A-7 directed to gastric cancer)-
delivery to about 2-fold [42,74]. Dr. Felix Kratz of Freiburg, Germany,

confirmed a similar effect in a different mouse tumor (personal
communication).

AT-ll-induced hypertension also facilitated drug delivery to other
tumor tissues, as shown in animal tumor models [63,75] as well as in
patients with advanced or difficult-to-cure cancers (cf. refs. [42,69]).
Blood flow dynamics in tumor tissues are quite different from those in
normal tissues or organs. That is, no homeostasis of tumor blood flow
volume occurs in tumor tissues: when one induced higher blood pres-
sure by infusing AT-II, tumor blood flow volume, as well as tumor
drug delivery, increased progressively [63,64,69,75]. Fig. 6 illustrates
vascular permeability under AT-ll-induced hypertension: in tumors
(B), vascular diameters in tumor will dilate, with widened endothelial
cell-cell gaps, thus facilitating more drug leakage; whereas in normal
blood vessels (A), blood vessels will constrict, endothelial cell-cell junc-
tions will tighten, and less drug leakage will occur, the result being
fewer side effects such as bone marrow suppression and gastrointesti-
nal side effects (see Fig. 6) [17,22,63,69,75].

In clinical settings, many cancer drugs are administered at or near
the maximum tolerable dose, so a 2- to 3-fold increase in tumor-
selective drug delivery would indeed provide great therapeutic benefits
[42,68,69,73]. Clinical application of AT-II-induced hypertension during
arterial infusion of SMANCS/Lipiodol to patients with difficult-to-cure
cancers such as metastatic liver cancer and cancers of the gallbladder,
pancreas, and kidney produced very good responses: drug delivery
was greatly enhanced, and the time to regression of tumor mass to
50% of the original size became much shortened [69]. In contrast to
these favorable results with the arterial infusion of macromolecular
drugs such as SMANCS/Lipiodol and AT-ll-induced hypertension, the
beneficial effect of arterial infusion of conventional LMW drugs is min-
imal, if not none, due to very rapid diffusion and no drug retention.

Table 4
Surface charge affecting plasma residence times of different nanoparticles in mice [56,57).%
Type of nanoparticle  { potential (mV) Mean particle size (nm) Plasma residence time Remarks
Tip Tine
Liposome®®
Non-PEGylated -731 124 908 h >24h Doxorubicin loaded, DPPC:Chol*=1:1
Weakly cationic +5.58 131 451 h 15 h (mean) Doxorubicin loaded, DPPC:Chol:DC-Chol = 5:4:1, slightly positive
Strongly cationic +24.25 95 <30 min <10 min Doxorubicin loaded, DPPC:DC-Chol = 5:5, strongly positive
PEG-Polylactate nanoparticles®”
Weakly anionic -7.6 90-100 33.8 min - PEG chains are on the surface
Strongly anionic —253 90-100 15 min -
Strongly anionic —338.7 90-100 6 min -
Chitosan nanoparticle®”
Weakly anionic —-13.2 149.2 - 12 h (mean) CM/MM = 1:2, slightly negative
Strongly anionic —384 156.0 - 3 h (mean) CM/MM = 2:1, strongly negative
Weakly cationic +14.8 150.1 - <1h CH/MM = 1:1, slightly positive
Strongly cationic +34.6 152.7 - <1h CH/MM = 2:1, strongly positive

Data modified from refs, [56] and [57].

4 DPPC, dipalmitoylphosphatidylcholine; Chol, cholesterol; CM, carboxymethyl chitosan; MM: methyl methacrylate polymer.
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A) Normal vasculature:
no leakage

Normal | (BP: 160 mmHg)
tissue

+++

B) Tumor vasculature:

leakage

Tumor R
tissue Passive dilatation

Fig. 6. Diagrammatic representation of the EPR effect and the effect of AT-ll-induced hypertension accompanying the enhanced EPR effect and drug delivery in tumor and normal
tissue. Under AT-ll-induced hypertension (eg 100 — 160 mmHg), normal vessels and tumor vessels behaved differently. (A) The normal blood vessels have a smooth muscle cell
layer that contracts and tightens the cell-cell junctions, and a narrowing of the vascular diameter results in less drug leakage. In tumors (B), the vascular endothelial cell-cell junc-
tions have a wide gap opening that will be opened further by elevating blood pressure hydrodynamically (B, right). AT-l-induced hypertension thus leads to enhanced
tumor-selective delivery of macromolecular drugs due to gap opening as demonstrated in clinical settings [68]. Adapted from refs. [18] and [68].

All these above vascular mediators are completely safe for almost 6. Fluorescence imaging and the EPR effect with
all patients, and thus we encourage clinicians to validate this strategy. ~ fluorescent nanoprobes
More recently, heme oxygenase-1 (HO-1)/carbon monoxide (CO)

[76], TGF-p inhibitor [77], TNF-a. [78] and heat generated by laser For our initial observation of the EPR effect (in vivo), we used Evans

(He/Ne) together with gold nanorod [36] are shown to augment the blue, which we administered by intravenous (iv.) injection, and

EPR effect in mouse models. the tumor was selectively stained blue [16,19,22,23,42], which we
A) Free rhodamine B B) BSA-rhodamine conjugate C) BSA-rhodamine

EPR (+)
Heterogeneity

Fig. 7. Fluorescence tumor imaging based on EPR effect. The EPR effect-based uptake of fluorescent nanoprobes in tumors is compared with uptake of parental LMW fluorescent
probe in vivo. (A) 24 h after iv. injection of the LMW fluorescent probe, rhodamine B into 5-180 tumor-bearing mice, no distinct tumor image is visible. Whereas injection of
tetraethyl rhodamine isothiocyanate (TRITC)-conjugated BSA (67 kDa) resulting in highly tumor selective fluorescence at the same experimental conditions. (C) At 24 h, 5-180
tumor-bearing mice were dissected, and each organ was viewed with IVIS® system. Only tumor tissues showed significant fluorescence. (D) Same as C except that nitroglycerin
{NG) ointment was applied to the skin, and then the EPR effect and tumor drug delivery were evaluated. In D, the cut surface of tumor tissues shows a more homogeneous
tumor uptake of fluorescent drug (TRITC-BSA), and also more fluorescent drug remained in the blood, which indicates that the EPR effect would increase progressively with
time, In C and D, fluorescence is not seen in all other normal organs. T, tumor; Li, liver; K, kidney; H, heart; S, spleen; Lu, lung; P, plasma.
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Fig. 8. Tumor selective accumulation of HPMA-conjugate zinc protoporphyrin (HPMA-ZnPP). The specimens were obtained 24 h after iv injection of this conjugate, and fluorescence
intensity of each homogenate was measured after extraction of ZnPP with dimethylsulfoxide. Arrows show a great difference in tumor accumulation between (B) free ZnPP vs (A)

polymer HPMA conjugated ZnPP.

attributed to the accumulation of blue dye-bound albumin in the tumor.
In subsequent studies, we measured various radiolabeled plasma proteins
conjugated with radioactive 5°Ga via diethylenetriaminepentaacetic acid
(DTPA) chelation in solid tumors [16]. Plasma proteins are the most
biocompatible macromolecules, and we found that all accumulated in
solid tumors more preferentially [16,19,42].

Similarly, when we injected fluorescent macromolecules, we ob-
served tumor-selective staining even 72 hr after i.v. injection. That is,
after an i.v. injection of rhodamine isothiocyanate-conjugated bovine
serum albumin (BSA) into tumor-bearing mice, we easily and clearly
visualized the tumors directly in vivo by using an IVIS imaging system
(IVIS, Model Lumina-XR, Hopkinton, MA, a fluorescence imaging sys-
tem). Fig. 7 illustrates the great difference between tumor imaging
obtained with tetramethylrhodamine isothiocyanate (TRITC)-conjugated

A)2h

Epi-flaorescence

B)24h

BSA [MW 67,000] (Fig. 7B) and that obtained with free rhodamine
B (MW 479.1 ) (Fig. 7A), after i.v. injection into tumor-bearing mice. In
contrast to TRITC-BSA, free rhodamine B did not produce any appreciable
fluorescence of the tumor (Fig. 7A). This finding clearly demonstrates
that the EPR effect also operates for macromolecular fluorescent
nanoprobes. We found the same result with another polymer,
N-(2-hydroxypropyl)methacrylamide (HPMA) (13 kDa) conjugated
with zinc protoporphyrin (ZnPP); this conjugate formed micelles of
about 80 nm in diameter and showed a clear tumor image similar to
Fig. 7B (not shown). To validate accumulation of this fluorescent
probe more quantitative manner, we extracted HMPA-ZnPP and mea-
sured fluorescence intensity after homogenization of each organ and
tumor as well as blood plasma. Fig. 8 illustrates that intra-tumor accu-
mulation at 24 h after iv infusion was more than 10 times of other

C) 48h

ek

Moy = 12187
M = 2.

The drug is cleared from the normal tissue
—  becoming high S/N by EPR effect

Fig. 9. In vivo tumor imaging by use of indocyaningreen (1CG). ICG was injected i.v. into 5-180 tumor-bearing mice and in vivo fluorescent imaging was viewed after 2, 24, and 48 h
by IVIS system directly. ICG will bind with albumin to form complex, thus behaving as a macromolecule. As shown in the figures, the contrast of the fluorescent tumor image in-
creased as time passes. That is, nonspecific delivery of the agent to normal tissues was cleared via the lymphatic system and thus improving the contrast of tumor image (cf. 2 h vs

48 h),
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vital organ such as the heart, lung, kidney except that in the liver that is
the major organ for ZnPP metabolism. Since HPMA-ZnPP generates sin-
glet oxygen upon irradiation, endoscopic light irradiation resulted sig-
nificant tumor suppression in this mouse model (S-180 tumor) (data
not shown). Similarly, TRITC-conjugated transferrin also revealed
tumor-selective accumulation in vivo and a distinct tumor image.

In addition, indocyanine green (ICG) showed clear visible tumor
image even 2 h after injection (Fig. 9). ICG is routinely used as a probe
for evaluating hepatic function. In healthy people, ICG binds albumin
and globulin, and it is rapidly liberated in the liver as free dye, which tra-
verses to the bile duct, and excreted into the bile. Rapid plasma clear-
ance of ICG therefore occurs in healthy humans (half-life<20 min).
Albumin bound ICG rapidly accumulated in tumor, as early as at 2 h,
and time-dependent increase of contrast in tumor image is shown in
this model (Fig. 9), which is not seen in normal tissue, and the fluores-
cence of the normal tissues gradually disappeared because of lymphatic
clearance. Namely, the fluorescent nanoprobe was cleared faster from
the normal tissue than from the tumor tissue, and thus the contrast of
the tumor image improved progressively after 24 and then 48 h. This
finding confirms the distinct retention of fluorescent nanoprobes in tu-
mors based on the EPR effect (Figs. 7-9). It is therefore so obvious that
radio emitting nuclei or positron emitting or magnetic resonance
probes in biocompatible nanoparticles would have a great value simi-
larly for tumor imaging and an important value to offer.

7. Conclusions

Our history of the discovery of EPR effect is briefly reviewed. Com-
parison of the vascular permeability of tumor tissues as well as inflamed
tissue illustrate the relevance of the EPR effect for cancer treatment and
diagnosis. Many vascular factors such as bradykinin, NO, prostaglandin
and CO were shown to be produced excessively in both inflammation
and cancer, and modulation of these factors may potentiate the EPR ef-
fect. The defective architecture of tumor vessels and the vascular factors
affecting normal tissue surrounding tumors also contribute to macro-
molecular permeability of the EPR effect as well.

Methods to enhance the EPR effect that utilize nitroglycerin and
other NO-releasing agents, ACE inhibitors, and AT-II-induced hyperten-
sion, among others, may improve drug delivery to tumors by 2- to
3-fold and thus therapeutic effect as well.

We expect that the use of polymers or nanomedicines to deliver
drugs to tumors will provide great advantages not only for delivery of
therapeutic agents to obtain better therapeutic effects as well as re-
duced systemic toxicity; it will be invaluable also for tumor-selective
and highly sensitive imaging with fluorescent or other radioloical
nanoprobes. Providing detection methods for microtumor nodules
would make earlier therapeutic surgical intervention possible. Further,
a similar method is applicable for using photosensitizer of nanoparticle,
which generates singlet oxygen and tumor detection possible simulta-
neously under endoscopic light irradiation (not shown). We anticipate
a great advancement in tumor detection and treatment at very early
stage of tumor before long, by use of nanomedicine, and more cure of
cancer would be achieved in one way or the other.
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Abstract

Enhanced permeability of the tumor vasculature allows macromolecules to enter the tumor interstitial
space, whereas the suppressed lymphatic filtration allows them to stay there. This phenomenon, enhanced
permeability and retention (EPR), has been the basis of nanotechnology platforms to deliver drugs to tumors,
However, progress in developing effective drugs using this approach has been hampered by heterogeneity of
EPR effect in different tumors and limited experimental data from patients on effectiveness of this
mechanism as related to enhanced drug accumulation. This report summarizes the workshop discussions
on key issues of the EPR effect and major gaps that need to be addressed to effectively advance nanoparticle-
based drug delivery. Cancer Res; 73(8); 2412-7. ©2013 AACR.

Introduction

The field of nanomedicine, despite being conceptualized as
far back as the 1980s, is only now transitioning in a broad sense
from academic research to drug development and commer-
cialization. In oncology, unique structural features of many
solid tumors, including hypervasculature, defective vascular
architecture, and impaired lymphatic drainage leading to the
well-characterized enhanced permeability and retention (EPR;
ref. 1) effect, are key factors in advancing this platform tech-
nology. However, the EPR effect has been measured mostly, if
not exclusively, in implanted tumors with limited data on EPR
in metastatic lesions. Dextran-coated iron oxide nanoparticles
(25-50 nm) have been used clinically for several years (2) to
measure permeability and retention noninvasively by MRI (3).
Furthermore, tumor response alone is no longer considered a
good endpoint, at least from the health authority point of
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view. This is exemplified by the recent U.S. Food and Drug
Administration (FDA) withdrawal of bevacizumab (Avastin)
for patients with metastatic breast cancer where impressive
tumor responses were seen but bevacizumab showed no
improvement in overall survival. Thus, limitations and chal-
lenges both in understanding tumor structural features and
correlating them with the technology must be addressed and
additional critical data need to be generated before nanotech-
nology-based drug delivery approaches can be fully realized in
clinical use in patients with cancer. A one-day workshop was
convened at the NIH on October 10, 2012, to specifically
address key issues related to understanding of EPR effect and
its use to achieve the maximum therapeutic effect with drugs
using nanoparticle carriers.

This workshop was organized by the Alliance for Nanotech-
nology in Cancer and its recently formed public-private part-
nership consortium, TONIC (Translation of Nanotechnology in
Cancer), in response to several questions raised by industry
members of TONIC. The main purpose of this meeting was to
gain better understanding of the EPR characteristics impacting
the use of nanoparticles in the clinic. Experimental evidence of
EPR in animal models and humans, clinical relevance of EPR,
gaps in knowledge, and ways to address these gaps were all
discussed.

Report

The workshop composed of 8 talks covering topics ranging
from methods to investigate EPR in preclinical and clinical
studies including diagnostic imaging, to the ramifications of
EPR for enhanced drug uptake by different tumors and the
predictability of preclinical and clinical outcomes. The session
opened with an overview of the nanotechnology programs in
cancer, funded by the Alliance for Nanotechnology in Cancer
(NCI), and was followed by an introduction to TONIC, a
corporate partnership model of the public, private, and
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academic sectors, to accelerate the translation and develop-
ment of nanotechnology solutions for the early detection,
diagnosis, and treatment of cancer. This was followed by
scientific presentations relating to the key questions identified
at previous TONIC meetings. The discussions at the workshop
focused on two key themes, namely, heterogeneity of EPR in
tumors and factors that influence EPR effect.

Heterogeneity of EPR in Tumors

EPR exists in tumors and can be exploited for selective
delivery of drugs to tumor by nanotechnology. However, there
is significant heterogeneity within and between tumor types. It
was noted that different tumor types have different pore
dimensions in the vasculature and that the maximum pore
size changes with the location for a given type of tumor (i.e.,
primary vs. metastases). In addition, there may be differences
in vessel structure within a single tumor type. Thus, to under-
stand whether a tumor is likely to respond to a nanoparticle-
based drug that relies on EPR for delivery, an image-guided
patient selection or diagnostic approach can potentially prove
useful to profile and select tumor types and patients with
tumors conducive to such delivery. Hiroshi Maeda (Sojo Uni-
versity, Kumamoto, Japan), who first proposed the EPR effect
over 25 years ago (1), suggested a number of ways one can
augment the EPR effect. These included increasing the blood
pressure during infusion of a nanomedicine or macromolec-
ular drug using angiotensin-II (e.g, blood pressure increase
from 100 — 150 mmHg). Other methods involve vascular
mediators such as nitroglycerin, ACE inhibitor, or PGE1 ago-
nist (beraprost) and these have been shown to be effective in in
vivo tumor models resulting in better tumor delivery (2- to 3-
fold increase), linked to improved therapeutic effect (4).

Factors Influencing EPR

The following factors influence the EPR effect in tumors: (i)
the nature of both the vascular bed and surrounding stroma,
the presence or absence of functional lymphatics and inter-
stitial hydraulic conductivity impacting interstitial pressure
along with mechanical stresses generated by cancer and
stromal cells impacting the extracellular matrix; (ii) tumor
size, type, and location (including primary tumor versus met-
astatic lesions); (iii) extent of macrophage tumor infiltration
and the activity of the mononuclear phagocytic system
(MPS), which can vary between and within tumor types plus
patient characteristics (e.g.. age, gender, tumor type, body
composition, treatment). These factors lead to accumulation
of nanoparticles in both normal tissues and in different
sections of the tumor, for example, in the periphery, viable
tumor, and necrotic sections; and (iv) co-medications, which
may impact, among other things, stroma and blood pressure
(hypertension increases tumor blood flow). In addition, sev-
eral vascular factors (Table 1; ref. 4), such as nitric oxide
generators (5) and bradykinin potentiators, that is, ACE
inhibitors that lower blood pressure, are known to affect
EPR and are relatively safe and inexpensive to combine with a
nanoparticle drug (4).

A fundamental limitation in evaluating EPR and the factors
that affect EPR is poor understanding of which preclinical

tumor models recapitulate patients with solid tumors. The
factors affecting delivery of nanoparticles to tumors in pre-
clinical models, such as tumor growth environment, vascula-
ture, functional MPS, etc., appear to vary based on the cancer
model [e.g, syngeneic flank xenograft, orthotopic xenograft,
genetically engineered mouse model (GEMM)]. Thus, future
studies will need to systemically evaluate these factors in
preclinical models and in patients with various solid tumors
and determine whether the models represent all aspects of the
EPR effect.

The observed heterogeneity in EPR may be a contributing
factor to the limited impact of nanoparticle-based drugs with
reductions in toxicity and gains in overall survival as compared
with small-molecule anti-cancer agents. Table 2 summarizes
objective data on the survival benefits from nanotherapeutics
approved to date, Further understanding and predictability of
EPR function in primary tumor and its metastatic sites through
the use of imaging studies may aid the development of future,
effective nanodrugs. Correlation of EPR activity to clinical
responses would likely provide direct clinical data to deter-
mine whether tumors with high EPR tumor activity will be
more amenable to effective treatment using nanoparticle-
based therapies (5). It was noted that the diversity of nano-
particle characteristics and AP1 used is expected to impact the
applicability of such correlations across different nanoparticle
platforms and products.

The optimal patient selection or diagnostic aid to measure
the EPR activity within a patient needs to be further defined.
Ideally, this would involve a single imaging agent that is
generalizable to all nanoparticles. Given the heterogeneity of
nanoparticle-based systems—size, shape, charge characteris-
tics, etc.—a specific diagnostic agent might, however, be
required to predict likely response to a particular nanoparticle
relying on EPR delivery. The use of contrast agents and MRI to
measure the enhanced permeability (EP) component of the
EPR effect might be one generic method. Others might include
a defined nanoparticle of a fixed size (~100 nm) labeled with an
appropriate imaging agent—for example, Cu® for positron
emission tomography (PET) or fluorescent marker for near-
infrared fluorescence (NIRF). There is precedence for a range of
labeled liposomes and iron oxide-loaded nanoparticles for
imaging, but there are very few human clinical studies on
nanoparticle imaging that can effectively address the preva-
lence of EPR. In one such study, the biodistribution and
pharmacokinetics of "''"/In-labeled PEGylated liposomes was
evaluated in patients with locally advanced cancers. Positive
tumor images were obtained in 15 of 17 studies, although levels
of tumor liposome uptake varied between and within tumor
types (6).

Eva Sevick-Muraca (The University of Texas Health Science
Center, Houston, Texas) discussed the use of NIRF to image
lymphatic flow and with fluorescent agents to detect cancers.
This technique is light based and the fluorescent dye has no
half-life and can be repeatedly excited, making it more appro-
priate for imaging of nanoparticle accumulation over longer
timeframes than radioactive imaging agents with short half-
lives (7). While NIRF is considered to be a combination product
by the FDA and has a maximum tissue penetration of 3 to 5 cm,
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Table 1. Factors affecting the EPR effect of macromolecular drugs in solid tumors (modified after

references 4 and 5)

Responsible enzymes Possible application to therapeutic modality
Mediators and mechanisms and mechanism
! Bradykinin Kallikrein/protease ACE inhibitors (e.g., enalapril); blocking of kinin
degradation elevates local kinin level — more EPR.
NO iNOS NO-releasing agents (e.g., nitroglycerin, ISDN, etc.)
| via denitrase and nitrite reductase to generate NO.
| VPFNEGF Involved in NO generation
| Prostaglandins COX-1 Beraprost sodium: PGI; agonist works via vascular

Collagenase (MMP)

Peroxynitrite NO + O,
Carbon monoxide (CO) Heme oxygenase (HO)-1
Induced hypertension Using angiotensin Il

Inflammatory cells and H,0»
TGF-B inhibitor

TNF-o

| Anticancer agents
Heat Vascular dilation

such devices are not yet available in hospitals and may not have
the right sensitivity at this time to detect the marker agent. The
ability to image lymphatic function in the tumor vicinity could
also provide a means to assess interstitial pressure imbalances.
Efforts are underway to include dual-labeling PET for presur-
gical imaging and then NIR guidance during surgery (8). It is
anticipated that PET will remain a crucial tool for clinical
imaging and that the optical imaging counterpart will add
value rather than being a replacement.

Ways to enhance the EPR effect in tumors were discussed
and included drugs that impacted the vasculature (4)-for
example, VEGF-based antagonists leading to vessel normali-
zation, agents causing hypertension and increasing tumor
blood flow, and agents that modulate the tumor matrix. Agents
that generate nitric oxide [nitroglycerine or ISDN (isosorbide
dinitrate)] were also shown to be effective in humans (4, 5).
ACE inhibitor (e.g., enarapril), which potentiates the action of
bradykinin, is also effective (4). Further work is required to
validate the benefits of such agents in the context of exploiting
the enhancement of EPR effect in the clinical setting (4, 5). It
was suggested that both optimization of the nanoparticle and
optimization of the tumor microenvironment were required
for optimal delivery. Rakesh K. Jain (Harvard Medical School,
Boston, Massachusetts); hypothesized that normalizing the
vasculature, extracellular matrix, and lymphatics will lead to
better delivery of drugs (9). However, normalized vasculature
means that the average pore is smaller and this may require the
use of smaller nanoparticles (~20 nm particle size). Overall, the

Activated from proMMPs by
peroxynitrite, or proteases

Neutrophil/NADPH oxidase, etc.

dilatation and extravasation (5).

PEG-hemine via induction of HO-1 in tumor —
CO generation (15).

Slow i.v. infusion — systemic hypertension, vascular |
extravasation selectively in tumor tissue. |

Inducing multiple inflammatory cytokines; NOS,
COX, etc.: NO, PGs, etc.

Inducing multiple inflammatory cytokines; NOS, [
COX, etc.: NO, PGs, etc.

Gold nanoparticle or ferrite nanoparticle using
electromagnetic, or laser, or microwave.

biologic impact of the abovementioned vascular effectors on
delivery of nanoparticles of varying composition, shape, and
flexibility needs significant further work.

The role of the lymphatics in tumor biology and nanoparticle
delivery was discussed. This highlighted the need to consider
changes in physiologic status, both in the acute and in long-
term functionality of lymphatics in patients with cancer influ-
enced by inflammation, tumor burden, or treatment. This is an
area of active research and imaging techniques are being
developed that will allow this to be explored in more detail.

In terms of animal tumor models to evaluate the EPR effect,
subcutaneous flank tumor xenografts were thought to offer
limited value. The vasculature of such models often resembles
the vasculature found in very high EPR tumors, for example,
renal tumors irrespective of tumor type, and thus probably
gives a false impression about the benefit of nanoparticle-based
drugs relying on the EPR effect in most tumor settings. The
workshop participants felt that better options are provided by
metastatic, orthotopic, and GEMM-based models, although
these need further characterization and validation. Primary
tumor explants may be another option to model delivery to
tumor types with high stromal content. Further work is
required to understand how to use the preclinical tumor
models to investigate drugs relying on the EPR effect for activity
and to understand how they reflect the heterogeneity seen in
clinical disease. The site of the tumor was also considered to be
important, and a more systematic assessment of vasculature
architecture versus site of tumor was recommended.
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Table 2. Survival benefits from the FDA-approved nanomedicines to date

Generic drug Trade name(s) Indication Benefit
PEGylated liposomal Doxil and Caelyx HIV-related Kaposi's No statistically significant change in
doxorubicin sarcoma overall survival (23 wks) vs. doxorubicin,

Metastatic ovarian cancer

Metastatic breast cancer

Liposomal daunorubicin DaunoXome
sarcoma
Poly (styren-co-maleic acid—~  SMANCS
conjugated naocarzinostatin
Albumin-bound paclitaxel Abraxane

HIV-related Kaposi's

Liver cancer, renal cancer

Metastatic breast cancer

bleomycin, and vincristine treatment
(22.3 wks) for HIV-related Kaposi's sarcoma
Statistically significant overall survival :
improvement (108 wks, P = 0.008) vs. i
|

topotecan treatment (71.1 wks) for
platinum-sensitive patients with ovarian cancer

No statistically significant overall survival
change (84 wks) vs. conventional
doxorubicin (88 wks) for patients with
breast cancer receiving first-line therapy

No statistically significant overall survival
change (52.7 wks) vs. doxorubicin, bleomycin,
vincristine treatment (48.9 wks)

Approved in 1993 in Japan. Far more effective
when the EPR is enhanced by increasing the
blood pressure in difficult-to-treat tumors,
including metastatic liver cancer, cancers
of pancreas, gall bladder, etc.

Liver cancer: 5-year survival (%)**

Metastasis 1seg.” > 2 seg.
Child A >90% ~ >50%
Child B 40% 30%

Five-year survival (%) based on the liver
function (cirrhosis) by child classification
and intrahepatic+ metastasis within one
segment or more |

Statistically significant overall survival change
(56.4 wks, P = 0.024) vs. polyethoxylated ?
castor oil-based paclitaxel treatment (46.7 wks)
for patients receiving second-line treatment

NOTE: The polymeric platform methoxy PEG-poly(p,.-lactide) taxcl with the trade name Genexol-PM (Sanayang Co.) has been |
approved in Korea for the treatment of metastatic breast cancer. Adapted from the work of Jain and Stylianopoulos (16).

| =+, SMANCS data in the table were provided by H. Maeda.

Omid Farokhzad (Harvard Medical School) discussed the
advantages of including a targeting agent on the nanopar-
ticle to enhance the retention component and/or enable
delivery of drug directly into the tumor cell via internaliza-
tion of the nanoparticle. The majority of the currently
available clinical data on nanoparticle oncology drugs relate
to passively targeted liposomal drugs. Recently, several
actively targeted nanoparticle products have also entered
clinical development, including liposomes and polymeric
particles containing payloads ranging from conventional cyto-
toxic drugs to genes expressing tumor suppressors (10). These
particles are targeted to various tumor markers including
the transferrin receptor HER-2 and prostate-specific mem-
brane antigen (PSMA) using either protein or small-molecule
ligands. Recent data were presented for BIND-014 (11), a

docetaxel-encapsulated polymeric nanoparticle targeted to
PSMA, which is expressed on the surface of prostate cancer
cells and nonprostate solid tumor neovasculature. In preclin-
ical studies, BIND-014 increased the concentration of docetaxel
in PSMA-expressing solid tumor xenografts by 5- to 10-fold.Ina
phase I clinical trial in patients with advanced solid tumors,
BIND-014 displayed signals of antitumor efficacy in patients
with advanced and metastatic cancer at low doses and in
tumors where conventional docetaxel has minimal activity.
With progress in polymeric nanoparticle engineering, similar
approaches are also being applied to existing and developmen-
tal anticancer drugs, including other cytotoxics and molecu-
larly targeted agents such as kinase inhibitors, and it will only
be amatter of time before these advances will ultimately impact
the treatment of cancer.
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William Zamboni (University of North Carolina, Chapel Hill,
North Carolina) characterized the pharmacologic properties of
nanoparticles in vivo as part of preclinical and clinical studies.
He stressed the importance of the MPS, tissue distribution, and
potential tumor delivery on the clearance of nanoparticles.
There is a bidirectional interaction between monocytes and
liposomal agents and potentially other nanoparticle agents (12,
13). Monocytes internalize liposomes, which then releases the
drug from the liposome and leads to toxic effects to the
monocytes. The tissue distribution and tumor delivery of
nanoparticles may involve MPS-mediated and non-MPS-
mediated mechanisms where uptake of nanoparticles by cir-
culating MPS cells compared with tumoral macrophages may
result in different tumor drug exposure and responses. Dr.
Zamboni has developed an ex vivo flow cytometry—based, high-
throughput screening platform (HTSP) system called Pheno-
GLO-HTSP to measure the clearance of nanoparticles by the
MPS and bidirectional interaction between the MPS and
nanoparticles, conjugates, and antibody-drug conjugates.
Importantly, this method also predicts nanoparticle pharma-
cokinetics and pharmacodynamics in humans where the MPS
system seems to drive the clearance, efficacy, and toxicity of
nanoparticle agents, PhenoGLO-IT can measure MPS function
in a blood sample from patients as a method to individualize
the dose of nanoparticle agents and/or as a biomarker
for predicting pharmacokinetics and pharmacodynamics
(response and toxicity) of nanoparticles.

The workshop participants felt that as our understanding of
nanoparticle delivery to tumors increases, the emerging nano-
formulations should be considered both as a general formu-
lation strategy in drug development and as a selected strategy
to improve delivery profiles of existing or failed drugs.

Prospects

During discussions at the conclusion of the symposium,
participants recommended the formation of a working
group to establish translational and clinical procedures for
integrated clinical trials involving nanotherapeutic con-
structs and accompanying imaging approaches. Such trans-
lational studies and clinical trials would enable further
understanding and predictability of EPR function in a tumor
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ducted and parameters that should be monitored in nano-
particle drug delivery clinical trials to enable testing of
various hypotheses for effective nanoparticle delivery
(tumor perfusion, vascular permeability, interstitial pene-
tration, retention, lymphatic function, MPS activity, blood
pressure, fluid and solid stresses, others). In coming months,
symposium participants will actively pursue these key
recommendations and develop the necessary tools required
to advance the scientific translation of the nanotechnology
platform in the oncology therapeutic area.
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This review focuses primarily on my own research, including
pathogenic mechanisms of microbial infection, vascular permeabil-
ity in infection and tumors, and effects of nitric oxide (NO), super-
oxide anion radical (O7), and 8-nitroguanosine in the enhanced
permeability and retention (EPR) effect for the tumor-selective
delivery of macromolecular agents (nanomedicines). Infection-
induced vascular permeability is mediated by activation of the ki-
nin-generating protease cascade (kallikrein—kinin) triggered by
exogenous microbial proteases. A similar mechanism operates in
cancer tissues and in carcinomatosis of the pleural and peritoneal
cavities. Infection also stimulates O; generation via activation of
xanthine oxidase while generating NO by inducing NO synthase.
These chemicals function in mutation and carcinogenesis and pro-
mote inflammation, in which peroxynitrite (a product of O and
NO) activates MMP, damages DNA and RNA, and regenerates 8-
nitroguanosine and 8-oxoguanosine. We showed vascular perme-
ability by using macromolecular drugs, which are not simply
extravasated through the vascular wall into the tumor interstitium
but remain there for prolonged periods. We thus discovered the
EPR effect, which led to the rational development of tumor-selec-
tive delivery of polymer conjugates, micellar and liposomal drugs,
and genes. Our styrene-maleic acid copolymer conjugated with
neocarzinostatin was the first agent of its kind used to treat
hepatoma. The EPR effect occurs not only because of defective
vascular architecture but also through the generation of various
vascular mediators such as kinin, NO, and vascular endothelial
growth factor. Although most solid tumors, incduding human
tumors, show the EPR effect, heterogeneity of tumor tissue may
impede drug delivery. This review describes the barriers and
countermeasures for improved drug delivery to tumors by using
nanomedicines. (Cancer Sci, doi: 10.1111/cas.12152, 2013)

As the recipient of the Tomizo Yoshida Award of the
Japanese Cancer Association in 2011, T herein describe
my personal recollections of my research. This review covers
the pathogenic mechanisms of microbial infection and genera-
tion of endogenous bradykinin (also called kinin) and free rad-
icals O; and NO in bacterial and viral infections. This review
also discusses selective delivery of anticancer macromolecular
agents (now called nanomedicines) to tumor tissue, which take
advantage of the vascular permeability of tumor tissue (analo-
gous to inflamed tissue). Projects involving the antitumor anti-
biotic protein neocarzinostatin (NCS, 13 kDa) were pursued in
my laboratory at the Department of Microbiology, Kumamoto
University School of Medicine (Kumamoto, Japan) for more
than two decades,”" ™ and this research led me to the field of
nanomedicine.

doi: 10.1111/cas. 12152
© 2013 Japanese Cancer Association

Around 1978, my research focused on developing an antitumor
agent that would target metastatic tumors, or more specifically,
to target to the Iymphatic system. For this purpose, I had to
design an anticancer agent with lipophilic and macromolecular
characteristics, because these features would favor preferential
recovery of the agent through the lymphatic system from lym-
phatic networks in the interstitial space after extravasation from
blood vessel lumina. In 1978, therefore, I prepared a conjugate of
NCS with SMA, in which SMA conferred lipophilic and poly-
meric characteristics."' ™ This agent was the first polymer-conju-
gated macromolecular anticancer drug, named SMANCS, and
was reported as the first macromolecular anticancer agent having
antimetastatic activity.“® SMANCS possessed many advanta-
ges including lipid formulation using Lipiodol®,® as described
later, and also effective to the multidrug resistance of tumor
celis. &1V

Thereafter, we carried out more detailed pharmacological
studies of SMANCS and other macromolecular drugs, includ-
ing plasma proteins and synthetic polymers, which led to the
discovery of the unique pharmacokinetics of ]?ol?(meric drugs
and, more importantly, the EPR effect. 31215 We then
investigated the EPR effect in greater detail and found that
many vascular mediators, such as bradykinin (also called
kinin), NO, ONOO™, prostaglandins, vascular endothelial
growth factor, collagenase, and more recentl]{ carbon monox-
ide, are responsible for this effect (Table 1). (522) Our earlier
studies of the kinin-generating cascade triggered by microbial
proteases and biological generation of free radicals in infection
were quite useful for understanding these vascular mediators
and the EPR effect and for developing methods to further aug-
ment cancer drug delivery based on the EPR effect. The ulti-
mate outcome of these studies can provide theoretical
mechanism, and extend to the application of nanomedicines
for tumor selective delivery to treat cancer in the future.

Relation of vascular permeability to infection and cancer:
Inflammatory mediators in bacterial infection and cancer

We first discovered that kinin, the most potent pain-inducing
endogenous peptide hormone, was generated by exogenous
bacterial proteases through the activation of one or more steps
in the kinin-generating cascade, which begins with stimulation
of Hageman factor, or factor XII (which would lead to the
blood coagulation cascade), and continues to involve prekallik-
rein to kallikrein (Fig. 1), and then generation of kinin from

'To whom correspondence should be addressed.
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Table 1. Factors affecting the enhanced permeability and retention (EPR) effect of macromolecular drug delivery to solid tumors

Mediatorst Responsible enzymes and mechanisms} References
Bradykinin Kallikrein/protease 16,19,32,33
NO iNOS 17,18,96
VPF/VEGF Involved in NO generation 76,77
Prostaglandins Cyclooxygenase-1 76,77,95
Collagenase (proMMPs — MMP) Activated from proMMPs by peroxynitrite or proteases 20
Peroxynitrite (ONOO™) NO + O; — ONOO~ —+ proMMP — MMP 20

Carbon monoxide Heme oxygenase-1 97
Induced hypertension Using angiotensin Il 70,77,89
Inflammatory cells and H;0; Neutrophil/NADPH oxidase, etc.

Transforming growth factor-§ inhibitor 114
Vascular endothelial cell growth factor (VEGF) Also involves NO 77,93

Tumor necrosis factor-o
Anticancer agents
Heat

115

116

tExtensive production of vascular mediators that facilitate extravasation from normal and tumor vessels. {Enzymes or mechanisms involved in
each process (see text for details). INOS, inducible form of nitric oxide synthase; NO, nitric oxide; VEGF, vascular endothelial growth factor;

VPF, vascular permeability factor.

Microbial protease
Groups 1, 2

| Hageman factor I_. ,’.‘“"e f°";c:;r Microbial protease

4 Y o Group 2
H trypsin inhibitor

—E—iKuniul [ Prekatiikrein |—— Kallikrein | SR,
: R Soybean permeability ,
! (Kunitz! trypsin inhibitor =
(Kuni }...n. el /

" Highl/low MW
kininogen

Kininase |

Kininase Ii
Microbial protease
Groups 1, 2,3 Inactive
peptides

Fig. 1. Kinin-generating cascade activated by proteases, which
begins with activation of Hageman factor (factor Xll), continues to
prekallikrein and kallikrein, then yields kinin (blue). Kinin stimulates
vascular leakage (permeability). Tumor tissue has a more active
cascade, which thus produces excessive kinin. Corn trypsin inhibitor,
soybean trypsin inhibitor, and carboxypeptidase N inhibitor (CPNI) can
inhibit this cascade. ACEI, angiotensin-converting-enzyme inhibitor;
MW, molecular weight.

high- and low-molecular-weight kininogen in blood plasma.
All pathogenic bacterial and fungal infections induce inflam-
mation,*>>% in which extravasation of plasma proteins is a
hallmark event and causes edema and in which bradykinin is a
key mediator. Similar such events were later found to occur in
solid tumors. We have discovered no effective inhibitor in the
body against all microbial proteases, including fungal protease,
that we tested.®*3"

With regard to cancer, we found a significantly high concen-
tration of kinin, which was generated by the above-mentioned
mechanism, in blood plasma and in peritoneal or pleural carci-
nomatosis in tumor-bearing hosts including humans."”
Kinin generation was effectively inhibited by inhibitors of
kallik(rsgin ?uch as soybean trypsin inhibiter or by kinin antago-
nists.””

Various tumor cells highly express bradykinin receptors,
which lead to growth stimulation, angiogenesis, metastasis,
and release of MMPs involving NO, prostaglandins, and vari-

ous other cytokine signaling pathways.{ﬁ"m We focused our
attention, however, on vascular permeability in tumors and
delivery of macromolecular drugs that was given i.v., which
led to discovery of the EPR effect.

Wu and others in our department showed that the kinin
antagonist HOE 140 (Hoechst, Frankfurt, Germany) or kallik-
rein inhibitors, such as soybean trypsin inhibitor, can block
this extravasation of plasma proteins in cancer tissue."'*?%
Soybean trypsin inhibitor and other serine protease inhibitors
(such as PMSF) effectively suppressed formation of peritoneal
and pleural ascites,®>>* in which the kinin concentration was
quite high, and facilitated fluid accumulation."®*=® Kinin
antagonists were later found to suppress tumor growth, thus
they may be gond therapeutic targets in cancer therapy and
pain control.*”**® However, the involvement of bradykinin in
tumor biology and pathogenesis warrants further investigation.

My experiences with protein anticancer drugs, that is, NCS
and SMANCS, therefore made me realize, in the early 1980s,
the potential use of the enhanced vascular permeability of solid
tumors for delivery of macromolecular anticancer drugs.®

Endogenous free radical generation in infection: A
significant cause of tissue damage by O, and mutation

We focused on two research areas of infectious diseases: one
was exogenous bacterial proteases, which involve the kinin
cascade and degenerative tissue damage; and the other was
biological free radicals, that is, ROS and RNS, as derived from
NO. We first found that O; was generated in excess during
respiratory infection with influenza virus in mice.***” Our
initial hypothesis, that Nox of infiltrated leukocytes would play
a major role, was determined to be untrue. Instead, the major
source of O generation was excessive activation of XO to
about 400-fold from xanthine dehydrogenase. This enzyme
is involved in the latter part of adenosine catabolism: adeno-
sine — inosine — hypoxanthine — =xanthine — uric
acid + 2 x Oy in this cascade, adenosine deaminase activity
increased approximately 170-fold,"* > and Nox was second
in importance.

Our discovery of excessive generation of O in viral infec-
tion was an unprecedented finding that was proved by means
of three completely different methods. The first used pyran co-
polymer-conjugated SOD, which removed O, and markedly
improved the survival rate (Fig. 2a). The polymer—SOD conju-
gate was designed to have a plasma half-life more than 100
times longer than that of native SOD, which is cleared from

doi: 10.1111/cas. 12152
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(b) Time course of virus yield (c), consolidation
score (e), and mortality (A). All these events 0]
occurred separately. (c-e) Activity of the inducible
form of nitric oxide synthase (iINOS) and superoxide
(07). () iNOS activity. (d) Induction of PCR-
detectable iNOS mRNA. (e) Amount of O
generated after virus infection. (f) Effect of mutant
virus formation in wild-type iNOS* B6 mice (red
bars) and iNOS™“"B6 transgenic mice (green bars).
More mutant virus was formed in NO-generating
wild-type mice, which indicated a need for NO for
viral mutation. BALF, bronchoalveolar lavage fluid.

Increase in mutation rate (%)

the blood circulation in mice within a few minutes.®**” This
conjugate was likely the first polymer-conjugated therapeutic
enzyme, the idea for which derived from our experience with
SMANCS, as described in more detail later.

The second method used the XO inhibitor allopurinol, which
improved the survival rate of virus infected mice in a dose-
dependent manner. The third was injection of adenosine, which
generates inosine and then hypoxanthine (a substrate of XO)
and O, which itself facilitated a pathogenic effect and
resulted in severe exacerbation of this viral infection and an
accelerated death rate of mice.”

During influenza virus infection, the amount of virus (i.e.
virus yield), consolidation score of the lung, and mortality rate
of infected mice increased, but not simultaneously. Figure 2(b)
illustrates that the amount of virus in the alveolar compart-
ment, as determined by bronchoalveolar lavage, was highest
on day 4 after infection then decreased to undetectable levels
on day 10, whereas pathological manifestations as indicated by
the consolidation score and O, generation started to increase
on day 6 and reached a maximum on day 10, when the mice
started to die and virus was no longer detectable.**™*" Thus,
all three events occurred separately, not simultaneously, and I
coined the phrase “virus disease in the absence of virus,” for
situations in which the amount of virus did not completely
correspond to pathological severity.**

As another important finding, the data showed that oxygen
radicals (ROS) can be generated by a truly biological event as
a host response in vivo, not just by intense UV irradiation,
X-ray, or y-ray exposure in vitro. That the generation of free
radicals is clearly an etiological principle in infectious diseases
can also be stated. In other words, this pathological mechanism
extends be};ond the boundary of Robert Koch’s postulate or
paradigm.“*” This mechanism will also offer alternative thera-
peutic options against infectious diseases by using scavengers
of OF (Fig. 2a) or by inhibiting ROS-generating systems that
will reduce the pathogenic potential and cure diseases.

We subsequently found that another biological free radical,
NO, is excessively generated under conditions similar to

Maeda

Time after infection with influenza virus (days)

Time after infection (days)

those of influenza virus infection (Fig. 2c—e), which also
possesses a pathogenic potential.“>** That O; and NO react
rapidly and form ONOO™, which is an agent with extremely
potent oxidizing and nitrating activities occurring simulta-
neously, is well known. ONOO™ would therefore modify
DNA and RNA by nitration or oxidation, or by strand breaks
(Fig. 2f).*% This increased mutation by ROS and RNS
was also shown in bacteria®>® as well as influenza and
Sendai viruses,***’*® and antioxidant scavengers suppressed
mutagenesis and carcinogenesis.*> % These data support the
idea that carcinogenesis induced by infection and inflamma-
tion would Procecd through free radical generation or oxida-
tive stress.®'"%

Furthermore, a finding relevant to free radical-induced
carcinogenesis is that 8-nitroguanosine becomes a substrate
for NOS. Also, the NADPH reductase, cytochrome b5 reduc-
tase, and reductase domain of NOS similarly generate O3
(Fig. 3a).°*7 In separate but related studies, we showed that
various heterocyclic amines (all 11 kinds) and NCS effectively
produced O; . All these chemicals are mutagens in the presence
of NADPH and cytochrome P450 reductase (Fig. 3b).*®
Also, the mutation rate of Salmonella typhimurium (Ames
strains) paralleled to the amount of O; produced.®”

We collaborated with Dr. Tatematsu of Aichi Cancer Center
Research Institute (Nagoya, Japan) in studies of our novel
phenolic antioxidant compound named canolol, which sup-
pressed Helicobacter pylori-induced inflammation, ONOO™
cytotoxicity, and carcinogenic potential, whereas canolol did
not affect the number (colony-forming units) of H. pylori
bacilli.“*~*" These data support the proposal that free radical
generation is a key process in the mediation of inflammation
and chemical carcinogenesis, as previously expected.®? Addi-
tional details about the chemical damage to nucleic acids by
ONOO™ have been provided by Niles er al,”® Sawa and
Ohshima,”®®’ and others.

In view of the relation among inflammation, oxidative
damage, and carcinogenesis, Okada, Kobayashi, Tanaka, Cao,
Shimizu, Muto, Surh, and many others showed the potent
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Fig. 3. Generation of free radicals in infection and
cancer. (a) Nitric oxide synthase (NOS) can generate
nitric oxide (NO) and superoxide (O;), and then
peroxynitrite (ONOO™) can nitrate guanine (— 8-
nitroguanine), and 8-nitroguanine (NitroGuo) can
become a substrate of NOS or cytochrome ¢
reductase, thereby generating O;. The total system
thus works as a progressive reaction, with a
stoichiometry of greater than 1:1. (b) Generation of
0O; from heterocyclic amine (HCA) in the presence
of cytochrome (Cyt.) P450 reductase and NADPH,

+ Biliverdin
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which results in DNA damage or cleavage and
mutation.®*%%5" (c) Heme oxygenase (HO)-1 can
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generate carbon monoxide (CO), which results in
the enhanced permeability and retention (EPR)
effect. HO-1 is usually upregulated in most tumors.
(d) Enhancement of the EPR effect by application
of nitroglycerin. FAD, flavin adenine dinucleotide;
FMN, flavin mononucleotide; fp(ox), flavoprotein
oxidized form; fp(red), flavoprotein reduced
form. %

Nitroglycerin
(NG)

cancer-promoting effects resulting from inflammation, in which
the oxygen burst caused by Nox and the NO generation
induced by iNOS derived from infiltrated leukocytes®' %67
were crucial requirements. This concept has now became a
textbook example of an essential component of carcinogenesis,

including that in humans,©®

Vascular permeability leading to tumor-targeted drug
delivery, lymphotropism, and mechanism of the EPR
effect of macromolecules

Uniqueness of tumor vasculature, and extravasation of macro-
molecules given i.v. As mentioned earlier, we simultaneously
carried out multiple research projects in my laboratory. The
anticancer agent composed of a conjugate of a polymer (SMA)
and a protein (NCS) (i.e. SMANCS) showed considerable
lymphotropic accumulation, conseqluentl¥ it became effective
against metastatic tumors in rats.***™ Another important
finding was the markedly high accumulation of SMANCS in
tumor tissues, as we expected,” %757 which was approxi-
mately 10-100 times greater than that in normal tissues
(Fig. 4). We also found that the plasma concentration (or
AUC) of SMANCS at 24 h after i.v. inoculation in both mice
and patients was more than 20 times greater than that of the
parent drug NCS.

To understand the mechanism underlying this tumoritropic
behavior of biocompatible macromolecules and SMANCS, we
carried out additional investigations with biocompatible mac-
romolecules such as albumin (68 kDa), transferrin (90 kDa),
and IgG (160 kDa) as well as small proteins (NCS, 13 kDa,
and ovomucoids, 29 kDa).*® The results showed a progres-
sive increase in accumulation of large proteins in solid
tumors over time. Concentrations of these proteins in most
tumors strikingly exceeded their concentrations in blood.
Also, drug accumulation in tumors paralleled the AUC for
macromolecules.”'>"'® SMANCS (16 kDa), which binds
with plasma albumin (resulting in a size of 90 kDa) mani-
fested tumoritropic characteristics, and we proposed a new
concept of tumor-selective drug delivery based on the EPR
effect (Fig. 4).%%'>% In this concept, tumor uptake of
drugs is not transitory, as observed by angiography for low-

molecular-weight contrast agents; instead, tumor tissues show
persistent retention of macromolecules for a very long time,
for example, many weeks.

To elucidate the EPR effect, we collaborated with Duncan,
Ulbrich, and others and used the well-characterized biocompat-
ible P-HPMA, whose size ranged from 4.5 kDa to 800 kDa
and had a neutral charge.”z“m As a putative macromolecular
drug, P-HPMA showed progressive accumulation in tumor
issue (Fig. 4f). The EPR effect, therefore, results in little
delivery of macromolecular drugs to normal tissues and thus
fewer systemic toxic effects compared to the delivery of low-
molecular-weight drugs,“’g‘ 9 which have no tumor selectivity.
Kimura et al. reported that i.v.-injected Bifidobacterium bifidum,
with a size >1 pm, accumulated preferably in tumor tissue
compared with other normal tissues.”” Subsequently, we and
Skinner er al. showed that polymer resin of acrylamide that was
given i.v. extravasated into interstitial tissue of solid tumor.”*~">

In addition, we observed the EPR effect in small (200-pm
diameter) tumor nodules in liver that were metastatic from
colon cancer (Fig. 4d).””>* Numerous laboratories have now
reported on the EPR effect, and as of 2012 more than 12 000
published reports cited our own papers on this matter.”®7

Clinical demonstration of vascular permeability and the EPR
effect after arterial infusion of SMANCS/Lipiodol. The classic
example of the clinical demonstration of the EPR effect may be
gallium scintigraphy, in which radioactive “"Ga citrate is
injected i.v.*” We now interpret this finding to indicate that the
gallium ion forms a complex with the plasma protein transferrin,
thereby becoming a 90-kDa macromolecule in vivo. Conse-
quently, because of the EPR effect, the tumor-selective accumu-
lation of radioactive ’Ga would produce a distinct tumor image
in a day or two after i.v. injection, as seen by radioscintigraphy.

We also found that CT obtained striking tumor images after
a lipidic radiocontrast agent, Lipiodol® (a product of Labora-
toire Guerbet, France, which is iodinated poppy seed oil ester),
was injected into the tumor-feeding artery, as discussed blow
(Fig. 4e, e'}. This result is clearly based on the EPR
EffCCt.u'?s' 7.82-86)

Shortly after biochemical, physical, and preclinical charac-
terizations of SMANCS were completed, our colleagues at
Kumamoto University were quite fascinated with its tumor

doi: 10.1111/cas. 12152
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